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In this work we utilise variables characterising kinematic imbalance in
the plane transverse to an incoming neutrino, which have recently been
shown to act as a direct probe of nuclear effects (such as final state inter-
actions, Fermi motion and multi-nucleon processes) in O(GeV) neutrino
scattering. We present a methodology to measure the charged current dif-
ferential cross-section with no final state pions and at least one final state
proton (CC0pi + Np,N ≥ 1) in these variables at the near detector of
the T2K experiment (ND280), using the upstream Fine Grained Detector
(FGD1) as a hydrocarbon target. Overall these measurements will allow
us to better understand the impact of nuclear effects on the observables
in neutrino scattering, providing valuable constraints on the systematic
uncertainties associated with neutrino oscillation and scattering measure-
ments for both T2K and other experiments with similar energy neutrino
beams.
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1 Nuclear Effects and Single Transverse Variables
In O(GeV) neutrino-nucleon scattering the kinematics of the observed final state
depends on both the interaction type and various nuclear effects. It is therefore
essential to understand these effects in order to accurately reconstruct the incoming
neutrino energy, as is required in neutrino oscillation analyses. Nuclear effects can
broadly be split into initial state effects, including Fermi motion (FM), nuclear binding
energy and multi-nucleon processes (MNP), and final state interactions (FSI). FM
describes the momentum distribution of nucleons prior to any interaction whilst MNP
describe correlations between nucleons and are thought to be dominated by 2p2h
effects for the neutrino energies relevant to T2K [1, 2]. FSI are defined by secondary
interactions inside the nuclear target, including pion absorption and emission as well
as the ejection of additional nucleons.
In this work, we propose to probe nuclear effects via the transverse kinematic
imbalance between the muon and the highest momentum final-state proton in muon
neutrino scattering with 1 muon, N proton(s) (N > 0) and no pions as a final state
topology (CC0pi + Np). Without nuclear effects in a CC0pi + 1p topology (which
therefore contains only CCQE interactions), the momentum of the outgoing muon,
projected into the plane transverse to an incoming neutrino, is exactly equal and
opposite to that of the proton. However, once nuclear effects and/or other topolo-
gies are considered, the transverse momenta are no longer balanced. By reversing
the outgoing muons’ transverse momentum a “transverse triangle” is formed, clearly
defining a complete set of single transverse variables (STV) to characterise the trans-
verse imbalance and therefore nuclear effects (see figure 1). This is discussed further
in [3, 4].
It has been shown that the STV can act as excellent probes of FSI and FM,
whilst exhibiting only a minimal dependence on neutrino energy for exclusive final
states [3, 4]. Therefore the STV potentially allow a deconvolution of flux uncertainties
and nuclear effects. By using ND280’s excellent tracking resolution to measure and
unfold these variables we hope to make state of the art measurements of nuclear
effects.
2 ND280 Detector and Event Selection
ND280 is placed 2.5◦ off-axis in a neutrino beam, provided by the J-PARC accelerator
facility, with a peak (off-axis) energy of about 0.6 GeV. The flux is well constrained
by hadron production data from the NA61/SHINE experiment [6]. ND280’s FGD1
is used as a hydrocarbon target for neutrino interactions and both FGD1 and time
projection chamber (TPC) 1 and 2 (all inside a 0.2 T magnetic field) are used for
tracking. The tracker electro-magnetic calorimeter (ECal) is used as a veto for pi0
like events [5].
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Figure 1: An illustration of a CC0pi + 1p interaction with nuclear effects to provide a
schematic definition of the three single transverse variables, δφT, δpT and δαT. Here ~p
ν is
the incoming neutrino momentum whilst ~p `/P is outgoing lepton/proton momentum. The
T subscript denotes projection onto the plane transverse to the neutrino. Taken from [4]
An event selection is made using events generated by the NEUT Monte-Carlo
(MC) simulation [9] fed through an ND280 detector simulation. The NEUT MC
generated in this study uses a relativistic Fermi gas FM model, the Nieves 2p2h
model [1] and a cascade model to describe FSI. Events with one muon, at least one
proton and no other identified particles are selected. These events are split into four
signal topologies, divided based on which detectors are used for reconstructing the
selected event and how many protons are detected. This is necessary to account for
the different detector acceptances in each topology. Additionally, two control samples
are used to constrain the dominant background processes (resonant and deep inelastic
scattering charged current interactions).
To ensure a reasonable, and relatively flat, detector acceptance in each STV bin,
the signal is defined as CC0pi+Np with the following constraints on the muon/proton
momentum (pµ/p) and angle (θµ/p): pµ > 250 MeV/c, pp > 450 MeV/c, pp < 1000
MeV/c, cos(θµ) > −0.6 and cos(θp) > 0.4. After the section the total efficiency
and purity for all CC0pi + Np events is 12.6% and 83.5% respectively, leaving 3630
events expected across the 4 signal topologies in current T2K neutrino mode data
(corresponding to 5.811 × 1020 protons on target). After applying the phase space
restrictions the efficiency raises to 30.0%.
In order to reconstruct the STV the initial neutrino direction is required. This is
estimated as the direction of the vector from the mean neutrino parent decay point,
in the decay tunnel of the T2K secondary beam line [6], to the interaction vertex
position in the FGD. The muon and proton kinematics can then be used to form
STV distributions of selected events, shown in figure 2. Note that the results shown
are from a preliminary MC study, until this is finalised, in order to prevent bias, the
study remains blind.
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Figure 2: The STV distributions calculated using the truth kinematics of selected events,
stacked by final state topology. Other backgrounds refers to neutral current, electron neu-
trino or anti neutrino scattering whilst FV stands for fiducial volume.
3 Cross Section Extraction
Since nuclear effects are poorly understood, it is important to make the cross section
extraction method as model independent as possible. We therefore opt to use a
regularised likelihood fit, which requires no preconceived notion of the distribution
of selected events. The fit parameters are weights on reconstructed signal templates
(where the signal is as defined in section 2), each formed from a thin STV truth
bin (such that the MC shape within the bin is relatively flat). The detailed method
and treatment of systematic errors is the same as used in analysis 1 of [7] but for
the addition of templates to cover the out of phase space contribution to the data
and the following regularising penalty term, aimed to mitigate strong bin to bin
anti-correlations:
χ2reg = preg
∑
i
(ci − ci−1)2 (1)
Here ci is the weight of the template in reconstructed STV bins from the i
th true
STV bin, with respect to some prior (i.e. the fit parameters). preg defines the strength
of the regularisation and is chosen using the “L-curve” method described in [8].
4 Preliminary Fake Data Results
To validate the fit procedure and show realistic expected sensitivity, we perform the
analysis using NEUT as the MC and use the GENIE MC generator [10] to produce a
fake data set. The GENIE MC used here has no 2p2h and substantially different FSI
modelling from NEUT. The results for δpT are shown in figure 3. Systematic param-
eters were included as nuisance parameters in the fit but the error bars show only the
effect of statistical fluctuations expected with current T2K data. The total system-
atic error from all sources is expected to be around 20%. Good agreement between
the fake data and fit result (with 20% uncorrelated systematic error χ2/DoF = 0.83)
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Figure 3: The fitted differential CC0pi + Np cross section (with phase space constraints
listed in section 2) in δpT is shown alongside the MC prediction and the fake data truth.
and no obvious bias toward the nominal MC shows the success of the fit. A perfect
fit cannot be expected since GENIE is not simply a systematic fluctuation of NEUT.
5 Conclusions and Further Work
Understanding nuclear effects in neutrino interactions is essential for making precision
measurements of neutrino oscillations or exclusive cross sections. The STV provide
a unique probe of these effects which, in some cases, is independent of neutrino
energy. A methodology for measuring these distributions has been discussed and
demonstrated for δpT.
Future studies will finalise the fit procedure to allow T2K to extract a probe of
nuclear effects with a minimal model dependence. Sensitivity to various effects will
be evaluated by analysing the goodness of fit after turning off or changing elements of
it (such as 2p2h, or the nuclear model used). An extension to this work will perform
a model parameter fit to extract model dependent inputs for other cross section and
oscillation analyses.
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